ABSTRACT
Introduction -Reasons for a mixed catalog
The routine work of analyzing the seismicity recorded by a seismic network by means of manual pickings performed by expert analysts can become heavy and time-consuming, particularly when dealing with dense networks and areas characterized by a rather high rate of seismicity. Also to overcome these difficulties, in the last years many algorithms of automatic pickings both for P and for S phases have been developed [e.g. Spallarossa et al. 2014 , Ross et al. 2016 and relevant quotations). These techniques allow to obtain reliable automatic pickings, and thus automatic locations, for many events, but can fail in particular circumstances: low signal-to-noise ratio in some stations, superposition of closely located nearly simultaneous events, stations characterized by non-stationary noise producing many false pickings. In these cases, the intervention of a human operator can allow the correct location of these events. This mixed approach has been adopted for the routine analysis of the seismicity in Central-Eastern Italy; in this work we want to analyze the possible dis-homogeneity in the locations introduced by this technique. It is worth noting that a mixed approach (automatic first location and successive manual review) is a quite common procedure, and is adopted e.g. by the INGV national monitoring system [Mazza et al. 2011] ; the originality of our approach is that, when the automatic analysis obtains a stable result, the manual revision is completely skipped.
A possible inconvenience of the automatic processing procedures is the mis-location inside the network of external events. This is particularly true for networks of limited extension, and dealing with P phases only: in these cases, sometimes the fake inner location could also be characterized by low error estimates. In our case, the extension of the network, and the systematic search of S waves, limits the risk of such behavior. In our experience, the external events, when not correctly recognized, are located nevertheless outside the network, at the distance limit of the Pn waves from the edges of the network itself, and are usually associated with high estimated location errors, so that they are sent to the manual revision phase.
The seismic monitoring of Central-Eastern Italy has been gradually improved during the last 20 years. After the 1997 Colfiorito seismic sequence the INGV national seismic network (RSN) changed its configuration in the area, anticipating the process of re-design of the network geometry that interested the whole network starting on 2002 [Amato et al. 2006] . In the same years, the regional networks of Marche, Umbria and Abruzzo improved their instrumentation too, and, more important still, started a process of more efficient data sharing both between each other and with the RSN, under the coordination of INGV. Some results of this process of data integration are presented in De Luca et al. [2009] . Starting in 2009, the network geometry and the procedures of data managements changed again: the whole regional network of the Marches, and part of those of Umbria and Abruzzo, where merged in the RSN [D'Alema et al. 2011 ; moreover, the beginning of the TABOO experiment led to the installation of a dense multi-parametric network in the Altotiberina area [Chiaraluce et al. 2014] . Obviously the continuous improvement of the network led to a progressive reduction of the detection threshold, so that the obtained catalog cannot be considered as completely homogeneous. The aim of this paper is just to analyze if the adoption of a mixed approach introduced a further, artificial level of dis-homogeneity.
At the beginning of 2016, about 100 stations in the area 42.4-44.2;11.0-14.0 are centralized in the INGV Office in Ancona and managed in an homogeneous way. Most of these data are shared between the acquisition systems of Ancona and the central monitoring system of Rome, where they are fully integrated in the RSN, allowing the real-time control of Italian seismicity [Mazza et al. 2011] . Figure 1 shows the position of the stations, superimposed to the map of recent seismicity (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) and to the main geographical features of the area. A description of the tectonic framework is beyond the scope of this paper [see e.g. Carannante et al. 2013 , for a description of the same area].
Besides a real time control of the seismicity, adopting the same tools utilized by RSN in Rome, the data centralized in Ancona are subjected to a more detailed off-line analysis procedure.
In particular, the continuously registered waveforms are analyzed by means of a STA/LTA algorithm CATTANEO ET AL. on the band-pass filtered signals, joined to a coincidence control based on the definition of sub-networks of key stations. More in detail, the signal is filtered between 2 and 15 Hz, STA and LTA windows are 1 and 100 s long respectively; the trigger is declared for ratio great then 5 with duration at least of 3 s; the duration is stopped when ratio is reduced below 2. Between the 100+ stations, just 41, characterized by low background noise and low occurrence of transient noise, are selected, and divided in 10 groups of closely located stations (less than about 60 km). The coincidence control is thus performed on these groups of stations on 10 s long windows overlapped by 50 %. The crossing of the coincidence threshold is controlled by weights assigned at each single component of seismic stations, based on their level of noise, to enhance the contribution of better stations: this allows to maintain low STA/LTA ratios (and thus high sensitivity) without increasing too much the probability of false events declaration due to coincidences happening by chance.
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In this way, even detecting events down to magnitude around -1, the number of false detections is very low (usually smaller then 5%, see Figure 2 below). Obviously, magnitude -1 is not the catalog completeness limit, neither the average detection threshold of the network: Marzorati and Cattaneo [2016] demonstrated that the detection threshold of this network is quite strongly space-and time-dependent, spanning from values around -1 for the best monitored areas to values around 1.5 for the most marginal ones.
Up to May 2013, each detected earthquake was manually treated by human operators: all the steps of phase picking, earthquake location and magnitude computation were preformed by means of interactive programs. Nevertheless, in the meantime automatic procedures were developed, mainly devoted to furnish nearly-real time results for the civil protection purposes. The continuous improvement of the detection capability of the seismic network, connected with a significant increase of the seismicity of the area during 2013, led to over-charge the manpower devoted to the seismic analysis. Figure 2 shows the number of detected triggers and of located events for each month in the period August 2009 -April 2016. It can be observed that, following a gradual increase of the mean number, with fluctuations linked to peculiar sequences, from April 2013 onwards we observed a strong increase of seismicity, reaching values between 6000 and 7000 events/month in the period December 2013 -April 2014. It is also evident the small difference between the number of detected triggers and located events, confirming that the mean number of false events is very low.
At the same time, the improvement of the automatic picking and location procedures led to obtain locations and magnitude estimates that were often comparable with the manual ones.
Obviously the automatic procedure cannot always reach the same results as a human expert; for this reason we decided to adopt a mixed approach, in which the human operator intervenes whenever the automatic procedure fails to reach a satisfying result.
Comparison between manual and automatic results
Before attempting this approach, we had to be sure that the automatic procedure was able to mimic the output of an human operator. The core of the automatic system is the RSNI-Picker [Spallarossa et al. 2014 , Scafidi et al. 2016 ]. This picker is based on the Akaike information criterion [AIC, Akaike 1974] , but this technique is inserted in an iterative procedure, that allows to strongly reduce the occurrence of false pickings. Moreover, a user-calibrated procedure allows to assign to each picking a weight that should mimic the weight assignment of a human operator. The adopted weight code is based on the so-called "hypo-family" code [Lee and Lahr 1972] : the best quality data have assigned weight 0 (full weight), while increasing uncertainty is represented by increasing code (from 1 to 4), meaning decreasing weight (¾, ½, ¼, no weight in the original Hypo71 code). In our application, 0 code means uncertainty of the order of 0.01-0.03 s, 1 between 0.03 and 0.06 s, 2 between 0.06 and 0.2 s, 3 between 0.2 and 0.5 s, 4 larger than 0.5 s.
In order to compare the picking performances of the automatic system with those of a human operator, we analyzed 2 months' worth of data (January and February 2013, 1578 events) both with the automatic procedure and with the usual manual procedure. For the earthquakes for which the automatic procedure was able to furnish a stable location, we compared the P and S pickings with those obtained by a human operator; data are divided on the basis of the automatically assigned weight (Figures 3 a-b) . It is quite evident that for P phases most of the automatic pickings fall in the 0 weight class (or, better, most of the other pickings were discarded by the procedure), and that most of them differ from the manual pickings for very small amounts. More in detail, 87.5% of the automatic P picking with 0 weight show differences below 0.03 s with respect to the manual ones (the nominal upper limit of the 0 weight class); taking into account that also the manual pickings are affected by some uncertainty, we could consider a reading potentially correct if the difference lies below 0.05 s, in which case the percentage is 93.9%.while the percentage grows to 96.6% for differences below 0.1 s, i.e. readings not clearly wrong.
The results of these comparisons between automatic and manual pickings and weights were used to re-calibrate the weight assignment procedure, adopted in the routine procedure starting in June 2013.
On the basis of these pickings, earthquakes are located by using the Hypoellipse code [Lahr 1999] . The adopted propagation model is based on the 1-D model obtained by De Luca et al. [2009] , with station corrections re-computed for the stations installed after the publication of that paper. It is worth noting that the code allows to use the so-called Jeffreys weighting [Jeffreys 1973 ]: data producing residuals that fall in the non-Gaussian tail of the error distribution are progressively CATTANEO ET AL. down-weighted during the iterations, and often completely cut off at the end. This is particularly important when dealing with automatic pickings, in which a small percentage of data could show errors completely outside the mean statistical distribution, and that could strongly influence the location procedure.
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As already stated, locations are computed using both pickings from the automatic procedures and pickings obtained by an expert seismologist revision of waveforms. A comparison of the whole dataset of automatic location (1226 earthquakes, Figure 4) shows that more than 90% of the locations show horizontal differences below 3 km and vertical differences below 4 km.
It can be noted that the good coherency of the automatically estimated depths with respect to the reference ones is mainly due to the reliability of the S-wave pickings. Indeed, if we compare the results obtained by using only the P-wave pickings ( Figure 5 ), the distribution of horizontal errors is just slightly enlarged towards higher values, while the vertical error is strongly affected: in this case less than 80% of the locations show a vertical difference below 4 km.
The location program (hypoellipse) furnishes also an estimate of the location error; the complete de- scription is represented by the 68% joint confidence ellipsoid, but this is often synthesized in the horizontal error (erh), related to the maximum elongation of the projection of the ellipsoid on the surface, and the vertical error (erz), related the maximum vertical elongation of the ellipsoid [Lahr 1999 ]. Obviously these values cannot represent the "true" location error, but only a statistical estimate, based on the estimated standard error of arrival times, the weight code assigned to each arrival time, and, for each station, the partial derivatives of travel time with respect to latitude, longitude and depth. We can thus select, from the automatic locations, only the events showing estimated errors below a particular threshold; adopting 2 km as ERH threshold and 3 km as ERZ threshold, we obtain a sub-set of 759 more stable locations (48% of the analyzed triggers). The comparison of these locations with those obtained by the human revision is shown in Figure 6 ; it is quite evident that the difference distribution is more concentrated towards low values; more than 90% of such events show horizontal differences below 2 km, and depth differences below 3 km. Obviously the human expert location cannot be assumed as the "true" location; the most interesting result at this stage is that the automatic procedure is able to mimic the behavior of the human procedure, as regards the location accuracy, within the estimated error in most cases.
The mixed catalog and a-posteriori control
On the basis of the previously shown results, we decided to assume as reliable the automatic locations showing estimated horizontal error below 2 km and vertical error below 3 km. As an exception, events showing an automatic local magnitude above 2.5 were in any case revised by a human operator, also to pick polarities for focal mechanism computation. From June 2013 till April 2016 this choice allowed to promote as reliable (and thus insert directly in the catalog) 51783 automatic locations, out of a total of 80296 events. This means that more than 64% of the events were located with the requested accuracy by the automatic procedure. This rate is significantly higher than that observed in the first two months of analysis (48%). There can be two reasons for this result: on one side, the first analysis has been used to re-calibrate the weight assignment scheme of the procedure, so that it is likely that the subsequent application of this scheme improved the location capability of the system; on the other side, starting in August 2013, a rich seismic sequence interested the Altotiberina Valley area, where the seismic network is more dense, and thus the probability of a good quality location is higher.
In order to further verify the reliability of the whole automatic procedure, for the last month of analysis (April 2016) the data that were expected to be taken from the automatic procedure, on the basis of the selection criteria, were also analyzed by two human operators (the two seismologists that usually perform the control of the low-quality data). A first comparison is referred to the pickings: in Figure 7 the difference of the automatic pickings with respect to those of one of the two human operators is represented, both for P and S waves. It is quite evident that for P pickings (3581 readings) the distribution of differences is quite symmetrical with respect to CATTANEO ET AL.
6 Figure 6 . Comparison between automatic and manual locations, period January-February 2013, selection with ERH < 2 km and ERZ < 3 km. 7 the 0 line, and that about 90% of the pickings show differences below 0.1 s; on the other side, for S phases (4844 readings) the distribution has an asymmetrical tail (prevailing positive differences), and just about 83% of the pickings show differences below 0.2 s, confirming the higher criticality of the S picking. But, if we restrict the analysis to just the clearer readings (assigned weights, in the Hypo code, of 0 or 1 both from the human and the automatic operators, Figure 8 ), results are quite different: for P phases (3161 readings) the distribution is still narrower, and about 94% of the picking show differences below 0.1 s. For S phases (2771 readings) the asymmetry appears strongly reduced, and about 92% of the differences lie below 0.2 s.
If on the contrary we compare the pickings of the two human operators, results are rather different: looking at the whole dataset (5695 P and 5689 s readings, Figure 9) , the distribution of differences is rather symmetrical with respect to the 0 line, with a scatter higher for S phases, as expected: about 92% of P phases show differences below 0.1 s and 97% below 0.2s, while for S phases we have to enlarge the interval to 0.2 and 0.4s in order to obtain 93% and 98%, respectively. If we restrict the analysis to the best quality data (weights 0 and 1, 3969 P and 3379 S readings, Figure 10 ), the trend is the same observed for the automatic data, with a stronger narrowing of the distribution towards low values: more than 98% of the pickings show differences below 0.1 s for P phases and below 0.2 s for S phases. In summary, the automatic picker behaves quite dif-A MIXED SEISMIC CATALOG FOR C-E ITALY ferently from a human operator mainly for low-quality S readings, while for P readings and for high-quality S readings differences from a human operator are just slightly higher than differences between two expert human operators.
As the following step, we can see how these picking differences influence the location procedure: Figure  11a shows the distances between the automatic locations and those obtained by one of the human operators; for the depth differences, both the absolute values of the depth differences and the difference itself are shown, in order to verify the asymmetry of the distribution. It can be observed that about 94% of the locations show distances below 2 km in the epicentral position, and about 95% below 3 km in depth difference (2 and 3 km were the adopted thresholds of estimated error for the selection of the automatic locations). If we restrict the analysis to the really best located events, mainly on the basis of the number of phases (> 12), of the maximum azimuthal gap of the recording stations (< 200°), of the rms of the residuals (< 0.3 s) and of the distance of the closest station (< 20 km), the results are just slightly better (Figure 11b ): about 95% of events lie within 2 km as horizontal distance, and 97% within 3 km in depth. This means that just in a very few cases the location, even with good statistical parameters, is somehow intrinsically unstable, also beyond the estimated errors.
The same comparison can be made between the locations by the two human operators (Figure 12a for the whole dataset and 12b for the dataset selected on the ba-CATTANEO ET AL. sis of the same quality criteria): in this cases very few events of the whole dataset show differences above the maximum estimated error, while in the restricted dataset only one event shows an horizontal distance slightly above 2 km and a depth distance above 4 km.
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Stability of the depth estimate
As already stated, the most critical parameter of the location procedure is the focal depth; in particular, in areas where the station inter-distance is larger, the depth estimate becomes more critical, and more strictly dependent on the availability of good-quality S wave readings also for stations rather far from the epicenter. In these cases, the limits of the automatic picker can reduce the capability of a correct depth estimate. On the contrary, in areas where the station inter-distance is smaller, it is more probable that the automatic procedure can be able to compute depth estimates with good precision.
In order to verify this a-priori hypothesis, we performed a statistical analysis of the geographical depth distribution in our catalog. At first, we analyzed the whole catalog: we selected the more stable solution (erh < 2 km, erz < 3 km), we subdivided the analyzed area in a grid sized 0.05° both in latitude and in longitude, and we computed the depth interval containing at least 80% of the events located within each cell. Figure 13a shows a map view of the depth of the top and bottom of this layer. It can be observed that for a quite large subset of the analyzed area a rather narrow definition of the main A MIXED SEISMIC CATALOG FOR C-E ITALY seismogenic layer is possible; in particular some specific trends, already described e.g. in de Luca et al. [2009] and in Carannante et al. [2013] can be recognized. A detailed discussion of this result is beyond the scope of this paper; here we just want to compare this result with the analogous obtained by using just the automatic locations present in the catalog (Figure 13b) .
It is evident that the well-resolved area is more limited, as expected: only the region monitored by the denser part of the seismic network can produce stable automatic locations. Within this area, the main features of the depth distribution appear well reproduced by the automatic catalog with respect to the complete one.
The main difference appears in the area around the point 43°18' -12°20': in this area, the complete catalog shows a patch of maximum depth around 16-20 km, while the automatic catalog does not show anything similar. In this case, a possible explanation can be found in the different time period covered by the two catalogs: the complete one spans a time interval of nearly 7 years (August 2009 -April 2016), the automatic one covers about 3 years only ( June 2013-April 2016). The anomalously deep seismicity observed in this area (beneath the Tiber valley close to Umbertide) is rather episodic: it was recognized during a temporary experiment with a dense seismic network in this area during 2000 -2001 [Piccinini et al. 2003 ], and has been again observed in the following years, but without any regularity. The complete catalog shows 47 such events, enough in order to influence the depth statistics; on the contrary the automatic catalog shows just 14 such events, not sufficient to influence the seismogenic layer estimate. CATTANEO ET AL. 
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As a general issue, the comparison of the depth distribution in different time spans could be quite critical, being not assured the stationarity of the phenomenon. In this case, dealing mainly with lowlevel, probably background seismicity, we are quite confident of the correctness of this assumption, and our results seem to confirm it.
Further control of automatic location quality: quarry blasts location
The above presented analysis is based on data relevant to the so-called "tectonic earthquakes". However, in this area different sources of non-tectonic earthquakes have been also recognized ]. The routine procedure is able to identify these events, on the basis of preliminary locations and waveforms similarity. The events can thus be subtracted from the seismic catalog, while their data are stored, so that it is possible to use them for a further quality control.
The use of quarry blasts for verifying the reliability of the whole location procedure (phase picking, propagation models, location programs, …) has been already presented [see e.g. Cattaneo et al. 1999 , or more recently Viganò et al. 2015] . 
A MIXED SEISMIC CATALOG FOR C-E ITALY
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It can be assumed that the location of quarry blasts is more critical than that of an earthquake of the same equivalent magnitude: on one hand, a shot does not generate strong direct S waves, but what we record in the far field is mainly composed by converted waves; moreover it is more critical to verify the location of a very shallow event is than of a deeper one, both for geometrical reasons and on account of the higher level of heterogeneity that we should expect in the shallowest layers, that for a deeper earthquake are crossed by the rays just close to the stations (and the possible inconsistency with respect to the propagation model is usually included in a station correction term), while for a quarry blast are crossed also near the source. In this sense, we can assume a quarry blast location as a "worst case scenario" for our location procedures. On the CATTANEO ET AL. other side, for quarry blasts we know with good precision the location, so that they represent an interesting tool in order to verify the reliability of our estimates. We thus selected 491 quarry blasts located by the automatic procedure in the period June 2013-April 2016 with the quality criteria already discussed in the previous paragraphs, and compared their locations with the location of the closest active quarry. The difference in horizontal location and in depth are presented in Figure  14a ; it can be noticed that about 90% of the events show horizontal and vertical errors below the adopted error thresholds (2 km and 3 km, respectively). Still better results are obtained if we reduce the analysis to the quarries within the best monitored area (we just excluded quarries south of 43.00N and north of 43.55N), and we select the locations characterized by at least one station within 15 km; in this case (Figure 14b ), about 95% of the locations lie within 2 km from the quarry, and 99% within 3 km. As regards depth, about 93% show depth estimates shallower than 3 km, and more than 99% shallower than 4 km.
12
Taking into account the already discussed criticality of the quarry blast locations, we can thus be rather confident that the automatic procedure is able to correctly locate even low-magnitude very shallow events, with a good accuracy on the horizontal coordinates and with the capability at least to restrict the depth estimate to the shallowest layers.
Preliminary analysis of the mixed catalog
In summary, the analysis procedure above presented allowed to locate, in the period August 2009-April 2016, 117430 tectonic earthquakes and 4464 A MIXED SEISMIC CATALOG FOR C-E ITALY Figure 13 . Map of top and bottom of the main seismogenic layer (containing 80% of the seismicity for each cell of a grid); a) all data; b) just automatically located data.
(b) (a) (d) (c)
non-tectonic earthquakes in the selected area. These locations are generated by the use of 1373646 P phases (824470 manual readings and 549176 automatic pickings) and 1668915 S phases (797326 manual readings and 871589 automatic pickings).
The excess of S phases with respect to P phases, mainly for the automatic readings, could appear surprising, but it must be taken into account that, for low magnitude events recorded at distances larger than the focal depth, often the signal to noise ratio is higher for S waves than for P waves, and thus the automatic picker finds an easier job for S phases.
This number of events can be considered rather high, taking into account the moderate seismicity of this part of Italy and the lack of events with magnitude higher than 4.9 in the analyzed area and time period, that could generate strong sequences (see e.g. the Mw 6.1 L'Aquila earthquake of April 2009, that generated at least 64000 aftershocks in few months, Valoroso et al., 2013) . In our opinion, this catalog could represent an interesting tool in order to analyze the so-called "background seismicity". The magnitude distribution of the events in the catalog is presented in Figure 15 : 87.4% of the located events shows a local magnitude below 1.0, and 40.8% below 0.0. A quite similar distribution is obtained by analyzing just the automatic locations (top histogram): 92.2% below 1.0 and 47.1% below 0.0. It is thus demonstrated the capability of the automatic picker to correctly manage events of even very low magnitude, if they are located in an area with a dense enough network.
A quick look to the main characteristics of the seismicity depicted by this catalog can be furnished by some cross-sections perpendicular to the main Apennines trend (Figure 16 ). Both in the map view and in the cross-sections, the manual locations are reported as black dots and the automatic ones as red dots. These sections can be compared with those presented in De Luca et al. [2009] and in Carannante et al. [2013] ; the main difference is that in this case a very simplified location model is adopted and automatic locations are CATTANEO ET AL.
14 Figure 14 . Statistics of the distances of automatically located quarry blasts and the barycenter of the closest quarry, and of the estimated quarry blast depth; a) all data; b) data from quarries located in the best resolved area.
(a) (b)
15 also included, but on the other side the number of located events is significantly higher. The main purpose of this analysis at this stage is to check the coherency of the data of this mixed catalog with the main results of the previous, more accurate works. Starting from NW, two main trends are recognizable as regards the depth distribution: the shallower part shows a mean deepening from SW to NE, while the deeper part shows an opposite trend.
The NE-deepening trend of the shallow part is very evident from section 5 to section 8; here the socalled Altotiberina fault represents a quite sharp limit to the distribution of seismicity in depth [Piccinini et al. 2003 , Chiaraluce et al. 2007 ], with few exceptions: the most evident is the already quoted seismicity of the Umbertide area, recognizable in sections 6 and 7 at depths between 15 and 20 km. As anticipated, the deeper part shows an opposite trend, going from about 20 km beneath the Adriatic coast down to about 60 km beneath the Apennines chain. This trend is very evident for sections 1-11, less evident but present till section 15, and hardly recognizable in the SE-most sections. This seismicity can be associated with the well-known sinking of the Adria lithosphere beneath the Apennines chain [Selvaggi and Amato 1992] .
As already described in Carannante et al. [2013] , the most complex depth distribution is related to the central sections (from 11 to 15). Here the NE-ward deepening of the shallow seismicity appears less evident, and a deeper seismogenic layer is present starting at the NE bound of this seismicity, concentrated between 15 and 25 km.
A detailed analysis of this seismicity is beyond the scope of this paper: here we just wanted to be confirmed in the fact that our routine locations show a very good coherence with the previous results, and that the automatic part of our catalog completely overlaps the manual part.
Indeed, the main trends of the depth distribution are well represented also by the automatic locations (red dots) mainly in the central part of the central sections, as expected. We already noticed that the automatic system performs at its best where the seismic network is denser. On the contrary, for the more external locations (SW limits of section 15-18 and sections 19-20), the contribution of automatic locations is strongly reduced. Another exception can be noticed for the seismicity at sea, very evident at the NE limit of sections 11-12, mainly related to the seismic sequence of July-August 2013 following a Mw 4.9 earthquake: in this case, given the criticality of locations, characterized by a large azimuthal gap of stations, we decided to manually interpret all the events.
Conclusions
This study was aimed to convince first of all ourselves that a mixed automatic-manual approach can produce an homogeneous catalog of events. Indeed, automatic procedures have already demonstrated their ability to achieve very accurate pickings and locations also for very large datasets [see e.g. Valoroso et al. 2013 or Scafidi et al. 2016 , but usually in these cases no effort is made to maintain the whole completeness of the analyzed catalog: events not fulfilling the quality criteria are simply discarded from the analysis.
On the contrary, when dealing with the long-term monitoring of micro-seismicity in an area, every effort should be made to maintain the completeness and the A MIXED SEISMIC CATALOG FOR C-E ITALY homogeneity of the location quality for all the events fulfilling some pre-defined detection criteria. In our opinion, the most efficient tool to achieve these requirements is the mixed approach, in which human intervention is required when the automatic procedure is unable to reach the target quality thresholds..
In a first step, pickings from the adopted automatic procedure were compared with pickings derived from the manual revision activity; as a by-product, this comparison allowed to re-calibrate the weight assignment of the automatic procedure, in order to better mimic the human assignment, following the procedure described in Spallarossa et al [2014] . The comparison of the locations obtained from these pickings allowed to CATTANEO ET AL. verify the correctness of the statistical errors associated to these locations; in particular it was possible to verify that, when the automatic procedure is able to obtain a location stable from a statistical point of view, and thus with estimated error below reasonable thresholds (that we arbitrarily fixed in 2 km for the horizontal error, and 3 km for the vertical one), the difference with respect to the human location is nearly always smaller than the estimated error. Based on these criteria, the mixed catalog started to be populated from June 2013, and is continuously updated. For a better characterization of the automatic pickings and locations, a further comparison has been carried out for data recorded in the last month of the analyzed time window (April 2016); the same data were picked by two different expert seismologists, in order to verify also the somehow intrinsic instability of our estimates. This analysis demonstrated that the automatic system produced differences slightly larger than, but comparable to the differences between the two human operators, thus confirming the reliability of the procedure.
16
Also the comparison of the geographical depth distribution, and the analysis of the automatically located quarry blasts, confirmed the overall stability of our locations.
This procedure is now routinely applied to the seismic monitoring of Central-Eastern Italy; in our opinion the produced mixed dataset (both pickings and locations) can be used as a whole for any seismological analysis in this area.
Data and sharing resources
Some Figures were created using the GMT software package [Wessel et al. 2013] .
The Catalog of tectonic events in Central-Eastern Italy (August 2009 -April 2016) is available in electronic Supplements of the paper. 
